We present an atlas and tabulation of weak interstellar absorption lines in the ultraviolet spectrum of £ Ophiuchi in four selected wavelength regions observed with the Goddard High Resolution Spectrograph aboard the Hubble Space Telescope. The signal-to-noise ratio ranges from 150 to nearly 400, and the spectral resolving power exceeds 20 000, allowing 2cr detections of features as weak as W x =0.8 mÂ. We report positive measurements of two lines of OH, and weak detections of P l, Tl n, and N v. Upper limits of W X <1 mÂ are found for the molecules H 2 0, HC1, SiO, NO + , and CH 2 . Similar limits are found for heavy elements Te n, Co II, and Sb IL Three lines are present in our spectrum for which we have no identifications. They are found at wavelengths of \= 1229.84, 1313.98, and 1314.23 Â. However, none of the features reported by previous authors as unidentified absorption lines in the wavelength regions we have observed are present in our data.
INTRODUCTION
The Goddard High Resolution Spectrograph (GHRS) was included in the first generation instrument payload of the Hubble Space Telescope {HST) to provide access to the 1050 À<X<3200 Â region of the ultraviolet spectrum. Its scientific objectives (Brandt et al 1994) were based on the important pioneering discoveries of the OAO, Copernicus, IUE, and other missions, and reflect the contributions of ultraviolet spectroscopy to a broad range of astrophysical phenomena from planetary and stellar atmospheres, stellar evolution and ejecta, the interstellar medium, and extra-galactic targets. The instrument was designed to offer better spectral, spatial, and temporal resolution with greater sensitivity, photometric precision, and wavelength accuracy than was available with previous experiments. The ground-based test program, the in-orbit science verification, and the design of the data reduc-^HRS Investigation Definition Team. 2 GHRS Science Team. 3 Our colleague Jason A. Cardelli passed away on May 14, 1996. tion software were directed towards the goal of providing data of superior quality to observers (Heap et al. 1995) . Many of the scientific programs require detection and measurement of weak features or subtle variations. An important instrumental goal was to produce spectra with signal-to-noise ratio (S/N) greater than 100, limited mainly by statistical noise in the raw data. The scientists involved with the development and operation of the GHRS have invested considerable effort in the study of effects which influence this goal, including detector background removal (Beaver et al. 1994; Sherbert et al. 1994) , electronic count rate nonlinearity (Ebbets & Garner 1986) , grating scattered light (Cardelli et al. 1993) , wavelength calibration (Lindler 1994) , photometric blemishes (Wahlgren et al. 1994 ) and algorithms for data reduction (Gilliland et al. 1992; Blackwell et al. 1993 , Cardelli & Ebbets 1994 .
Early in the development of the Guaranteed Time Observation (GTO) program the Investigation Definition Team (IDT) agreed to pursue several "team projects" that would exploit the unique capabilities of the GHRS to produce at- Z16D0101T  Z16D0102T  Z16D0103T  Z16D0104T  Z16D0106T  Z16D0107T   A2  A2  A2  A2  A2  A2   SC2  LSA  SC2  LSA  LSA  SSA   undispersed  undispersed  undispersed  undispersed  undispersed  undispersed   defcal  onboard acq  defcal  peakup  image  image  Z16D0108T  Z16D0109T  Z16D010AT  Z16D010BT  Z16D010CT  Z16D010DT   G160M  G160M  G160M  G160M  G160M  G160M   SC2  SSA  SC2  SC2  SSA  SSA   1521  1240  1521  1240  1240  1240   spybal  pos targ out  spybal  wavecal  pos targ back  ip-split  Z16D010ET  Z16D010FT  Z16D010GT  Z16D010HT  Z16D010IT  Z16D010JT  Z16D010QT  Z16D010RT  Z16D010ST  Z16D010TT  Z16D010UT  Z16D010VT   G160M  G160M  G160M  G160M  G160M  G160M  G160M  G160M  G160M  G160M  G160M  G160M   SC2  SSA  SC2  SC2  SSA  SSA  SC2  SSA  SC2  SC2  SSA  SSA   1521  1315  1521  1315  1315  1315  1521  1315  1521  1315  1315  1315   spybal  pos targ out  spybal  wavecal  pos targ back  fp-split  spybal  pos targ out  spybal  wavecal  pos targ back  fp-split  Z16D010KT  Z16D010LT  Z16D010MT  Z16D010NT  Z16D010OT  Z16D010PN  Z16D010WT  Z16D010XT  Z16D010YT  Z16D010ZT  Z16D0110T  Z16D0111T   G160M  G160M  G160M  G160M  G160M  G160M  G160M  G160M  G160M  G160M  G160M  G160M   SC2  SSA  SC2  SC2  SSA  SSA  SC2  SSA  SC2  SC2  SSA  SSA   1521  1422  1521  1422  1422  1422  1521  1422  1521  1422  1422 SC2  SC2  SSA  SC2  SC2  SC2  SSA  SSA  SSA  SSA  SSA   2340  2340  2573  2340  2340  2573  2573  2573  2696  2573  2461   spybal  wavecal  pos targ out  spybal  wavecal  wavecal  pos targ back  fp-split m=22  accum m=21  accum m=22  accum m=23 Notes to TABLE 1: a The 'rootnames' are the observation identifiers assigned by the Space Telescope Science Institute. These would be used to request data from the archival data base. frrhe optical element 'A2' is the 'attenuated' target acquisition mirror which was used for this observation. 'G160M' is a plane diffraction grating used in first order which produces a spectral resolving power of 20000 < R < 25000 in the 1200Â <X< 2000Â region. Ech-B uses the Echelle grating in orders 33 > m > 18 to cover the long wavelength end 1750Â < X < 3200Â at a resolving power of approximately 90000. °Aperture 'SC2' is the Pt-Ne wavelength calibration lamp. 'LSA' is the 2x2 arc sec square large science aperture', and 'SSA' is the 0.25x0.25 arc sec 'small science aperture'. d'Defcals' are internal calibration exposures that accompany target acquisition procedures. 'Acq' and 'Peakup' use flight software algorithms to automatically identify a target and center it in one of the apertures. An 'image' is a raster scanned map of the aperture to confirm the acquisition. 'Spybals' are internal calibrations which help center the spectrum on the diode array properly. 'Pos targ' is a small movement of the telescope used to move the target a small distance relative to the center of the aperture. 'Wavecal' exposures record the spectrum of the calibration lamp to allow a precise wavelength scale to be computed. 'Fp-split' breaks a long exposure into four subexposures offset slightly with respect to each other, and an 'accum' is a single exposure.
lases of astrophysically important targets. The first was a survey of absorption lines in the spectrum of 3C 273 (Brandt et al 1993) , and the second examined the chromospheric spectrum of a Ori (Brandt et al 1995) . This paper is the third in that series, presenting weak interstellar absorption lines in the spectrum of £ Ophiuchi to demonstrate the very high signal-to-noise capability of the instrument. This rapidly rotating hot star is bright in the ultraviolet, and has a rich and well-studied spectrum of interstellar atoms, ions and molecules. Comprehensive studies were reported by Morton (1975) using Copernicus data, and by Pwa & Pottasch (1986) with IUE observations. Absorption lines weaker than ap-
Wavelength (Angstroms) Merged Medium Resolution (G160M) proximately 5-10 mÂ equivalent width could not be measured reliably by those authors. We expected the GHRS to detect lines a factor of 10-20 weaker than that. Our original plan was rather ambitious, with over twenty spectral regions slated for study. Unfortunately, the aberrated telescope image required a near quadrupling of exposure times, and an electrical anomaly made the high-resolution mode Echelle A (1050 Â<\<1750 Â) unavailable until after the first servicing mission in 1993 December. We chose to reduce the scope of the program to four wavelength regions, to use a medium resolution grating for the short-wavelength lines, and to increase the S/N. The wavelength regions were selected because they contain expected but previously undetected or tentatively detected lines of interstellar molecules H 2 0, SiO, CH 2 , and CS (Jenkins et al 1973; Drdla et al 1989) .
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OBSERVATIONS
The simple formula A\)/(S/N) provides a useful guide for planning an observation. If a spectrum with signal-to-noise ratio in the continuum of "S/N" and dispersion "AX" mÂ per data point is integrated over "n" data points, the uncertainty in the equivalent width will be approximately SW X . The GHRS medium-resolution gratings used with four data points per resolution element have AX^20 mA, and the high-resolution Echelle modes have for medium-and high-resolution observations. If the S/N were determined by Poisson statistics alone we would need approximately 32 400-78 400 and 1600-3250 counts per data point. The exposures were planned to accumulate several times this number of counts per data point.
The observations were defined in proposal 1189, using standard instrument features and proposal syntax, as described in the "Proposal Instructions," "GHRS Instrument Handbook," and "HST Data Handbook" provided by the Space Telescope Science Institute. Count rates were esti- mated from the stellar flux of f Ophiuchi published by Bohlin et al 1990, and the GHRS sensitivity curves determined during the Science Verification program , Heap et al 1995 . The exposure times were determined by these expected rates and the total number of counts described above. Onboard target acquisition activities and maps of the aperture were performed with mirror A2. The 0.25 arcsec diameter (prior to COSTAR) small science aperture (SSA) was used to preserve the maximum spectral resolution. Each of the four wavelength regions was observed with the same strategy. First, the star was moved one arcsec outside the aperture using a "pos targ" special requirement. This was intended to allow the wavelength calibration exposures with spectral lamp SC2 to be made without being overwhelmed by starlight. The star was then returned to its aperture and its spectrum was recorded with a series of -CNi-T-04 CN E EE E £ E <DQJ<U<D<D 0) CD fficö <5 S 55 subexposures. The "substep pattern 5" measured the spectrum with four samples per resolution element, and the default "comb addition" caused each data point to be sampled by four physical detector diodes. The optional parameter "FP-SPLIT=STD" caused four subexposures to be made with the grating carrousel rotated by one encoder step between them. This translated the image of the spectrum by about five diode widths parallel to the direction of dispersion and facilitated separation of weak spectral features from fixed pattern (fp) artifacts. Two exposures were made at each FP-SPLIT position, for a total of eight for each wavelength region. The Echelle observation was accompanied by short exposures on the two orders above and below the wavelength of interest. This was intended to detect any strong features in adjacent orders which could produce spurious features as a result of grating scatter from the cross disperser. Scattered to tot'' to to oo oo cooo cn cn on oi SI SZSZ SZSZSZSZSZSZS^SISL SZ SZ SI SI tnwmwtOOTOTCOtoOTWWW to to to E ËËE E E E Ë Ë ËE E E E E E = tutuoootu 0) <U(D4)(Ua> <l > 0) 0) mmmmmm m mmmmm m m m m o. light in this grating configuration and wavelength region has been found to be less than 4/10 of 1% of the on-order count rate (Cardelli et al 1993) .
The proposal executed on 1993 August 18 and 19. All of the planned observations were obtained with count rates very close to the expected values. Table 1 identifies the exposures that were made for this program, grouped by wavelength region rather than chronological order.
3. DATA REDUCTION Our first step was a general inventory and quality check to ensure that all of the proposed observations were obtained. A check of the raw counts showed that most subexposures had about 10% higher count rates than anticipated, indicating that the target was well centered in the SSA. The WAVECAL exposures taken at the same central wavelength as the main FP-SPLITs were analyzed to derive dispersion constants according to the algorithms described by Lindler (1994) . Experience has shown that wavelength scales based on such exposures are accurate to approximately 1/4 diode width. The GHRS software package "CALHRS" (Blackwell et al. 1993; HST Data Handbook 1994) was then used to perform the standard sequence of reductions and calibrations. The output products are vectors of fluxes, wavelengths, and propagated statistical errors. Several flux vectors are produced, including net count rates, Echelle ripple and vignetting corrected rates, and absolute calibrated fluxes. Since we are working on very short segments of spectrum and are interested in weak absorption line profiles we decided that the net count rates were the most appropriate. Absolute fluxes were not relevant for this study, and the flux calibration contains uncertainties at the 10%-20% level, thus the use of net count rates.
For each of our wavelength regions we have eight individual spectra. Each of these subexposures has a S/N in the continuum near 100. The next step in the reduction process was to combine these into a single spectrum with higher S/N. The goal is to enhance the true spectral features while minimizing the artifacts of detector response nonuniformities. The two basic algorithms are to shift and average, and to iteratively solve for the flux and noise, as described by Cardelli & Ebbets (1994) . We used the shift and merge technique for the medium-resolution G160M data, and the iterative solution for the Echelle B spectrum. Numerical artifacts were noticeable in the ECH-B reduction using the former method, but were eliminated using the latter. Our final merged spectra have S/N ranging from 150 to nearly 400 per data point, with four data points per spectral resolution element. The S/N per resolution element is thus twice this number.
As a check on the wavelength scales we measured the There is a blemish in some subexposures that may cause the equivalent width to be overestimated. k. Based on other GHRS observations Sofia, Cardelli and Savage (1994) suggest the following revisions to the Mgll f values; log(fX) = +0.190, -0.111. l. The OI* and OI** absorption is terrestrial in origin (Savage, Cardelli and Sofia, 1992.) m. See Lambert et al. 1995 for discussion of line strengths. Severe blends with complex minima of stellar wind N V absorption, d
An extremely weak feature is visible in three of the eight subexposures, Federman & Cardelli (1995) report detection at this wavelength, e "uid" are the wavelengths of features reported as unidentified lines by previous authors. f A very weak feature is present at this wavelength with Wx~0.37mÀ g A very weak feature is present at this wavelength with Wx ~ 0.84 mÂ h A very weak feature is present at this wavelength with ~ 0.20 mÂ i A very weak feature is present at this wavelength with Wx ~ 0.16 mÂ j Several subexposures are affected by blemishes at the wavelengths of these lines. positions of 34 absorption lines which could be identified unambiguously. We used several independent indicators including the minimum in the line core, the centroid, and Gaussian fitting. We converted the measured wavelengths to radial velocities using the laboratory wavelengths of Morton (1991) . Multiple measurements of individual lines agreed to within 3 kms -1 . The mean of the 34 lines was -15.4 km s" 1 , with a standard deviation of the sample of 4 km s -1 . Since the strongest component in the interstellar spectrum of £ Ophiuchi has a velocity of -15 kms -1 (Savage et al 1992 , and references therein) we regard our wavelength scale as accurate, and made no further adjustments. We adopt 4 km s _1 as indicative of the uncertainty in the wavelength of any individual feature. We did not apply any deconvolution algorithm, as the SSA data preserved the nominal resolution of the GHRS even with the aberrated telescope image.
Figures 1 through 13 present the fully reduced and merged spectra of our regions of study. Each figure shows the net count rate, counts per diode per second, and statistical error, plotted against the heliocentric wavelength, with several prominent interstellar absorption lines identified. The stairstep discontinuities at the extreme ends occur at wavelengths which were sampled by one, two, three, or four subexposures in the FP-SPLIT sequence, and thus have different numbers of total counts in the combined spectra. There were five inoperative diodes in the digicon detector at the time of these observations, whose impact was minimized by the comb addition and FP-SPLIT procedures. The rectangular shaped 3% dips visible in the S/N are the signatures of these channels.
The laboratory wavelengths and species identifications are labeled for every interstellar line we have detected. Features in the data which we have attributed to photocathode blemishes are flagged as well. Most of the absorbers are found in a diffuse cloud with a heliocentric velocity near -15 km s -1 , which is why most of the lines are displaced slightly from the labels.
INTERSTELLAR ABSORPTION LINES
Long before these observations were made we had compiled a list of all interstellar lines likely to be present, drawing primarily on the studies of Morton (1975 Morton ( , 1991 and Pwa & Pottasch (1986) . Once the exact wavelength limits of each observation were determined our list was edited to contain 4-1432.4 1432.7 -1433.8 1435.0-1436.0 1436.0-1437.0 1438.7 -1439.7 2567.7 -2568.1 2571.7-2572.0 2574.4 -2574.7 2574.6 -2574.9 2575.0 -2575.3 2575.3 -2575.6 2577.2 -2577.5 97 candidate lines. Strong lines, those having residual intensities of 90% or less, or equivalent widths greater than about 10 mÂ, are unambiguous in GHRS data. Weak lines must be examined carefully, since fixed pattern noise on the detectors, often referred to as "blemishes" or "granularity" can mimic features 10% deep or less. We produced two sets of "stack plots" for each spectral region. The individual FP-SPLIT subexposures are plotted using the data point number for the abscissa in one set and the calibrated wavelength for the abscissa in the other. Dips which are real features in the spectrum will have the same wavelength, whereas instrumental artifacts will have constant data sample values. Features of either kind whose amplitude exceeds the random noise are easy to identify by eye. Figure 14 shows an example of one region with both spectral and granularity features of similar strength. Failure to use the FP-SPLIT procedure or to check for the presence of artifacts can seriously compromise the credibility of weak features.
Those absorption features which we were sure were astronomical were tabulated, correlated with our list of candidate lines, and their equivalent widths and heliocentric wavelengths were measured using several different algorithms. Table 2 lists those whose identifications we feel are certain. The laboratory wavelengths, species identifications, and log f\ values are from the above cited references. The S/N values refer to the data plotted in Figs. 1 through 13 , and the cr wX are estimates of the uncertainty in an equivalent width integrated over a 30 data point segment of the spectrum. The are our measured line strengths and the measured wavelengths are expressed as heliocentric velocities. The number in parentheses in these columns indicates the range of values obtained with different algorithms operating on the same data.
The study of heavy elements in the interstellar medium is an important application of high signal-to-noise ratio GHRS data. The abundance patterns of heavy elements contain information about the stellar nucleosynthesis cycles by which they are created and destroyed, the processes by which they are injected into and depleted from the interstellar gas, and their variations with time and galactic location. Both thallium and lead have absorption lines of dominant ionization states in the wavelength regions covered by our data. We list a detection of a line of Tl II with an equivalent width more than three times the estimated error. The significance of this detection for the abundance and history of thallium was discussed by Cardelli (1994) . Other investigations of this spectral region of £ Ophiuchi include Cardelli et al. (1991) , Savage et al. (1992) , Federman et al. (1993), and Sophia et al. (1994) . The line of Pb II is weaker, and we do not list it here as a positive detection. A more refined calibration of this same data set allowed Cardelli (1994) to report W x =0.44±-0.15 mÂ. The lead spectrum was reobserved in 1995 with higher signal-to-noise ratio, and a confirmation of this measurement was obtained (Cardelli & Ebbets 1996) . Further discussion of CO observations can be found in Sheffer et a/. (1992), Lambert et al. (1994) , Lyu et al. (1994), and Federman et al. (1994) .
The referee has suggested that the two features near 1314 Â are due to C 2 bandheads of the 1 -0 system (Lambert et al. 1995) . This seems like a plausible identification and we hope that future investigations will analyze these features in detail. Possible H 2 features identified by Federman & Cardelli (1995) do not appear to be present in our data.
The weakest features which we regard as positive detections are three to four times the estimated uncertainty, or about one milli-Angstrom equivalent width. Obviously not all of the lines in our candidate list were detected. Table 3 lists those features whose wavelengths fall within our data range but have no measurable absorption. As the notes indicate, several lines may be marginally detected. We would regard 3cr as a fairly secure upper limit for the strengths of any of these lines. Most of the candidate lines are simply too weak to have been detected with our resolution and signalto-noise ratio, either because the / values are too small, they are not members of the dominant ionization stage in the diffuse cloud, they have an intrinsically low cosmic abundance, or some combination of these factors. The lines marked "uid" in Table 3 were listed as apparently real but unidentified absorption lines in the compilations of Morton (1975) or Pwa & Pottasch (1986) . We examined our GHRS data carefully at these wavelengths but found no trace of interstellar absorption, and thus cannot confirm their reality. Tripp et al. (1994) contains further discussion of these unidentified features.
There are only six features in our spectra which appear to be legitimate absorption lines for which we have no identifications. Three of them are nearly coincident in wavelength with known lines, but the ionic species and/or / values make it unlikely that these are valid identifications. Three of the lines have strengths less than 1 mA, and may not be real detections. The three lines with W x >2 mA are visible in more than one subexposure, do not appear to be affected by blemishes, and significantly exceed the noise level, (see Table 4) Our examination of the stack plots revealed 32 blemishes strong enough to produce noticeable features in the merged G160M spectra. Table 5 lists these features, their apparent wavelengths, detector coordinates line and sample positions, and indications of their amplitudes and widths. These features are fixed on the detector faceplate, and will thus appear at different wavelengths and data point numbers in different observations, depending on the details of the carrousel position and digicon deflection coils. Since the CALHRS software 1140 allows the line and sample coordinates of any data point to be determined, the presence of these artifacts in other data sets may be identified. The artifacts produce narrow "absorption features" whose depths are 1%-12% of the continuum level, and whose equivalent widths range from 1 to 9 mA in a single uncorrected observation. These blemishes can produce artifacts over a range of line and sample coordinates, so weak features within a few pixels of the listed coordinates should be viewed with caution. In particular, there are a few scratches on the detector faceplate which extend over a large range in the direction perpendicular to the dispersion (i.e., the "line" coordinate).
